Study of liquid phase sintering of electroless nickel coated iron powder by Willison, Richard M.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1965
Study of liquid phase sintering of electroless nickel
coated iron powder
Richard M. Willison
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Materials Science and Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Willison, Richard M., "Study of liquid phase sintering of electroless nickel coated iron powder" (1965). Theses and Dissertations. 3339.
https://preserve.lehigh.edu/etd/3339
S T U DY O F L :1 Q ur D P H AS E S I N T E R I N G 
.OF .ELEG:T··_ROLESS NICKEL 
:C·O:ATED I"RON: p•o·w.nr:R 
A T:HEs:rs 
;/ 
•./ 
_ _;;,;,:· .. 
'~ 
Presented to. t.he Graduate Faculty 
of Le-'.high University 
in Candidacy for the Degree of 
Master of Science 
Leh·f,-9 ~: UJ1:l-v e rs i ty 
1965 
c E RT I F I c AT E OF' A J>.: P :tro. V .)\ l. 
: ... · . ' . . 
This ·thes·ts· i·s accepted and approved in partial 
f'ul fi 1 lment of t:h.:e requirements for the degree of Master 
p,f S c i e n c e • 
(Date) Prqfessor in Charqe 
Head of the Department 
1 
of Metal lurqi cal Engineering 
• • 1 1 
,·· 
• 
1,, 
! 
', 
i 
i 
I 
I 
,: 
'· 
I 
,. 
'·,-, _,-.~--
ACKNOWLEDGE,~ENTS 
:I would like· to ext·end my appreciation to 
·or.. J. F. Libsch for his guidance and suggestions during 
this investigation. I would also like to thank the various 
responsible personnel at the Homer Research Laboratories of 
the Bethlehem Steel Company for permitting me to use th:.e 
equipment and facilities.---- My expression of appreciation 
is also extended to Mr. Emil Poeltl for his aide in the 
I 
metalloqraphic work. Mr. Robert Henry for the electron 
microprobe investigation, Mr. Angelo Giordano for his· 
help in conducting the sintering e·xperiments, and to 
Mrs. Marlene Krajczar for typinq the manuscript. 
• • • 
, l , 
i. 
f; 
. ,; 
'· ~ 
' 
' 
., 
'· 
I ; 
4 
' 
1 
------·- . .... 
TABLE OF CONTENTS 
Paqe 
Acknowledgments------------------------------------- iii 
Introduction---------------------------------------- l 
A. Background--------------------------------- l 
I. Purpose of Investigation------------------- 4 
C. Scope of Investigation--------------------- 4 
Experimental Procedure------------------------------ 5 
A. Study· of Wire Models----------------------- 5· 
W ·; re Co mp o s i t i on - - - - - - - - - - - - ... - - - - - - - - - - ::5 
Plating .Bath and Procedure------------- 5 
Wire Models----------------------------
Sintering-----------------------------~ 
Metallography and Electron Microprobe 
Investigation------------------------
.B:, ·s:tudy of Powder Compacts-------------------
P-owder Statistics----------------------
Electroless Ni Plating-----------------
··6: 
. . 
'·; 
·7· 
s· 
8· 
Compacting----------------------------- , 8 
Sintering------------------------------ g 
Density Measurements------------------- 9 
Bending Tests-------------------------- TO 
Metallography and Chemistry-----~------ 10 
' 1 V .. 
' 
' 
~ ,, 
'i 
'· 
-~ 
a j 
I 
s 
I . .,,.,, '-·-~---
TABLE OF CONTENTS (Cont'd.) 
Discussion of Results-------------------------------
PaQe 
l , 
A. Study of Wire Models----------------------- ll 
As-Plated Coatinqs--------------------- ll 
Sintered Uncoated Wires---------------- l2 
Sintered Ni-P ·coated Wires------------- 12 
1. ~ffe·ct ·of Plating Time---------
2~ Effect bf Sintering Time-------
3- ,:. E ·f ·f e ct o f S i n t e r i n g 
T~m·perature------------------
s· '• s:·t u: d)l Of P OW d e r C Om pa C t S - - - - - - - - - - - - - - - - - - • 
li2 
l:3: 
l:·6 
17 
C o a t i n q o f . Po w d e r P a r t i c 1 e s - - - - - - - - - - - - l .7 
G re e n Den s i ty - - - - - - - - .. - - - - - - - - - - - - - - - - - l 8:. 
S i n t e re d De n s i t y - - - - - - - - - - - - - - - - - - - - - - - 1>8 
~ 
1. Effe.ct of Si nterinq Time-------
... 
1.8. 
2, .• E f ·f e· c t of S i n t e r i n g 
Temperature------------------ ·21 
3. Effect of Compacting Pressure-- ·2·5 
Bending Strengths---------------------- 26· 
C~nclusions----------------------------------------- '21 
A p p e n d i x I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - 6'i4 
Appendix II----------------------------------------- 65 
Bibliography---------------------------------------- 66 and 
Vita------------------------------------------------ 68 
\~. V 
6.7 
" 
' . 
~ 
' ' 
Table 
I 
:11 I 
L-IS:T ·oF TAB LES 
Sintering Data for ~odels Made of Wires 
Coated by Various ·immersion Times in 
the Electroless Ni Bath------------------
Length and Microprobe Analysis of Sintered 
Zones in Models Made of Wires Immersed 
in Electroless Ni Bath for 30 Minutes 
and Sintered at 1700°F-------------------
Length of Sintered Zones in Models Made of 
Wires Immersed for 30 Minutes in Electro-
less Ni Bath and Sintered at Various 
Temperatures for l Minute and 22 Hours---
IV Effect of Sintering Time, Temperature, and 
Page 
31 
.32: 
33 
Compacting Pressure on Properties of 
H-Fe Powder------------------------------ 34 
V 
:V:.l 
Effect of Sintering Time, Temperature and 
Compacting Pressure on Properties of 
Ni-P Coated H-Fe Powder------------------
Electron Microprobe Analysis of Solid 
Solution and Eutectic Phases of Sintered 
Ni-P Coated H-Fe Powder Compacts---------
•• V .. l 
35 
. .,.,,,,.· 
~ ,., 
;·,·., .. -.···""'~--. ·---
Figure 
l 
·_3_ .• 
4 
LJ·ST OF Fl GU RES 
Page 
P e r t i· n e n t S e c t i o n s o f N i - P a n d F e - P 
Phase Diagrams--------------------------- 37 
Sketch of Wire Model Used in Sintering 
Experiments and Sketch Showing Length 
Dimension of Sintered Zone---------------
Effect of Immersion Time in Electroless 
Ni Bath on Deposited Coating Thickness---
Steel Wire Coated with Ni-P by Immersion 
in an Electroless Nickel Bath------------
38 
39 
40 
5 Uncoated Steel Wires Held in Contact for • .. 
6. 
22 Hours at 1700°F Showing No Sintering 
o f t h e W i re s - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4: l 
Effect of Sinterinq Time at 1700°F on the 
Sintered Zone Length---------------------
Electroless Ni Coated Steel Wires Sintered 
at 1700°F for Various Times--------------
Electroless Ni Coated Steel Wires Sintered 
at 1700°F for Various Times--------------
43: 
44 
9 Effect of Sintering Time at 1700°F on 
1·0 
the Percent of Sintered Zone Made Up 
by E u t e ct i c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4:5:_ 
Effect of Sintering Time at 1700°F on the 
Percent of Ni and Pin Solid Solution 
Phase in the Sintered Zone---------------
Effect of Sintering Time at 1700°F on the 
Percent of Ni and Pin the Eutectic 
Phase in the Sintered Zone---------------
Electroless Coated Steel Wires Sintered 
at 1800°F for 22 Hours-------------------
•.•. i • V: .. , 1 
46 
41· 
'. . 
' 
•'· ! 
Figures 
13 
'14 
l.7 
.I . 
LIST OF FIGURES (Cont'd.) 
Nickel and Phosphorus X-Ray Images from 
Electron Microprobe for Coated Wires 
Sintered at 1800°F for 22 Hours-----------
Nickel and Phosphorus X-Ray Images from 
Electron Micorprobe for Coated Wires 
Sintered at 1700°F for 5 Minutes----------
Effect of Sintering Temperature on the 
Sintered Zone Length - Sintering Time-
1 Minute----------------------------------
Effect of Sintering Temperature on the 
Sintered Zone Length-Sinterinq Time -
22 Hours----------------------------------
Effect of Sintering Temperature on Percent 
of Sintered Zone Made up by Eutectic------
H-Iron Powder Particles Which Have Been 
Electroless Ni Coated---------------------
1g Effect of Compacting Pressure on 
Page 
49 
5.1 
.· ... · 5'2' 
53 
54 
Green Density----------------------------- 55 
2.0. 
2:·1 
H-Iron Powder Compressed at 40 ts1 and 
Sintered at 2000°F for l Hour-------------
Electroless Ni Coated H~Iron Powder 
Compacted at 40 tsi and Sintered at 
2000°F for Various Times-----~------------
·Effect of Sintering Temperature on 
Density - Sintering Time - l Hour---------
Electroless Ni Coated H-Iron Powder 
Compacted at 40 tsi and Sintered for l 
Hour at 1700°F and 1850°F-----------------
Electroless Ni Coated H-Iron Powder Compacted 
at 40 tsi and Sintered for l Hour at 
2000°F and 2150°F ------------------------
.. ' ... : .... 
·V 111 
56: 
58 
59 
60 
,. 
I 
LIST OF FIGURES {Cont'd,) 
Figures 
Page 
25 Relationship of Sintered Density of 
H-Iron Powder to Bending Strength 
26 
2·Z 
and Deflection---------------------------- 61 
Illustration of Ductility of Compacts 
of Electroless Ni Coated H-Iron and 
Uncoated H-Iron Powders Sintered at 
Various Temperatures----------------------
Effect of Sintering Temperature on the 
Bending Strength of Electroless Ni 
Coated H-Iron Powder----------------------
•·' .• .. 
'lX 
63 
·' ' 
Study ·of Liquid Phase Sintering of El ectroless Nickel Coated Iron Powder 
by 
Richard Marvin Willi~on 
A Thesi_s Presented to the Graduate Faculty 
of Lehigh University in Candidacy for the Degree of Master of Science 
1965 
ABSTRACT 
An investiqation was made ;·nt:_o t .. he s·:i..:nt,e·r-i·ng: 
c.haracteristics of H-iron powder in w·:hfc,h each pa·rti-cle- w··:as 
completely covered with an electroless :rjick,e·:l c.oati_ng. :An· 
e 1 e ctr oles s n i ck el co a ti r1 g usu a 11 y cont a i n s 6 to l O % p hos p ho r us • 
Since Ni and P form a eute~tic phase, sintering above the 
e u t e c t i c temp e r a t u re ( 1 ·51 O ° F ) w o u 1 d b e d o n e i n t h e p re s e n· c. e 
o. f a l i qui d p has e • The format i on of a 1 i qui d p has ·e d-u·r i n g 
sintering would probably result in a larqe increase in density 
at relatively: low sintering temperatures for Fe powder. 
I.nitiJl studies were made with electroless Ni coated 
Wire models. It was found that a liquid phase did form in the 
coating at a temperature which was dependent on the amount of 
Pin the coating. When a liquid did form, maximum sintering 
.of the wires occurred instantly and the length of the sintered 
zone decreased in size with longer times at temperature. This 
·r-
' 
·was due to the gradual removal of P from the coated wires. 
The.mechanism of P removal was not determined in this investi-
gation. 
Sintering of electroless Ni coated H-iron powder 
resulted in the attainment of the theoretical density for the 
Fe-Ni-P alloy. Uncoated H-Fe powder had very sliqht increases 
in density durinq sinterinq. Densification of the coated 
powder occurred in very short times by fillinq the voids with 
liquid and possibly rearranqement of the: s:oli-d particles to 
their most dense packing. The solid solution particles orew 
during the solution-reprecipitation stage of the sinterino 
process which took place at the hiqher temperatures and after 
l o n g e r t i m e s a t t e m p e. r.a t u r e • 
No significan:t ·a:mount of P ~,as removed f'rom any of 
the elect·roless Ni coat.e·.d iron compacts. This· i·s attributed 
mainly t·o the fact that mo·s.t of the P was in t··,h.:e interior of 
the compacts and not avai·lable for chemical r·e:.actions with 
i mp u r i ti e s i n t. h e s i n t e r i n q o as • S i n c e P \-ta s. n o t remove d 
and all the compacts had a continuous eutectic phase in its 
microstructure, the compacts were extremely brittle. Bending 
strengths in the range of 100,000 psi were attained in spite· 
of the very noor ductility. 
I 
I NT RODUCTI ON 
A. Background 
Formation of a liquid phase in a powder compact 
during sinterfng offers advantages in that densities near 
those of the theoretical can be achieved as well as high 
strengths. The large amount of shrinkage that occurs in 
obtaining the high densities often causes distortion of the 
pow~er compact and this can be a serious disadvantage. 
InvestigatorsCl).{ 2) have described liquid phase 
sintering as a three stage process. The stages consist of: 
(1) rearrangement of the solid particles to a more dense 
packing, (2) dissolution of small solid particles and repreci-
pitation of this material onto larger particles, and (3) 
coalescence of the solid particles. The coalescence stage 
does not exist if the solid particles are not in contact. The 
driving force for all three stages of the process is the 
reduction of the free energy of the system by the reduction in 
surface area of the powder compact 
There are a number of means for introducing a liquid 
phase in a powder compact during sintering. One method is to 
blend metal powders or a metal and a nonmetal powder in which 
a low melting point eut1E?cti1: phase forms after diffusion of 
the constituents. Eisenkolb(J) describes the enhancement of 
densities and strengths when such substances as Cu-P 1 silicates. 
,, 
. ' ... '. ",.,,. .. 
' '-~""-
~\l_µ_~i)tlo1.\/,;,~ • .,,,,, •. _-~. ---~~- "'. 
1:-' 
I 
2 
and sulfides are added to iron powder. Katrus(4) used small 
additions of P and Sb to intensify the sintering of iron 
powder. Ferroboron additions were used by Frehn and Hotop( S) 
to form a liquid phase which increased the densities of Fe 
powder compacts as well as Al-Ni-Co permanent magnet alloys. 
Other investigators have coated powder particles 
with a lower melting point metal by immersion in a plating 
solutiono During sintering of compacts made of these coated 
powders. a liquid phase completely envelops each particle 
permitting easy movement of the particles to the most densely 
packed arrangement. A 1 so, liquid can fi 11 the voids between 
powder particles causing a further increase in density. 
Mackiw(G) .(7) and coworkers have coated various metallic and 
nonmetallic powders with Ni by immersion of the powder in a 
solution of Ni and {NH4)2S04 under a pressurized NH 3 atmosphere. 
Thin layers of Ni and other Group VIII metals have been de-
posited on the surface of tungsten particles by Brophy(8) .(9) 
et a 1 in order to densify tungsten compacts at temperatures 
well below those employed for sintering commercial purity W. 
There is a well-known Ni plating process which has 
not been used by investigators to coat powder particlesg 
This is electroless Ni depositi·on which may offer an advantage 
ever other Ni plating processes in that the Ni deposited 
normally contains about 6 to lQ%P(lO). According to the 
literature( 11 ). Ni and P form a eutectic phase at ll.0%P and 
1610°F. The pertinent section of the Ni-P phase ,diagram is 
' -
. ·~l[ 
·~ -
_ ... ·"'·'·~-"····- __ . ·-\ 1r"' 
,, 
3· 
shown in Figure la. Thus. sintering of electroless Ni coated 
powder could be carried out in the presence of a liquid phase 
at temperatures much lower than 2651°F, the melting point of 
pure Ni o 
I The diffusion of Fe int(? the Ni-P coating m·ay elimi-
nate the brittle eutectic phase after sintering has occurred~ 
The low Pend of the Fe-P phase diagram{ll), illustrated in 
Figure lb, also has a eutectic at about 10o5%P but at a 
temperature of 1925°F. The shape of the Ni-Fe-P ternary phas~ 
diagram is not known. 
Brenner and Riddell(lO) tn 1946 developed the 
electroless Ni plating pr.ocess. They found Ni and Co salts 
could be reduced in the presence of hypophosphites resulting 
in the deposition of these metals on Fe samples immersed in 
the solution. An. example of the compounds that can be used. 
and the predominate chemical reactions are as follows: 
(.1) NiS04+NaH2P02+H20 = Ni+H2S04+NaH2P03 
(2) NaH2P0 2+H20 = NaH2P03+H2 
The bath contains a complexing agent which keeps the metal 
salts in solution in the form of complexes as the pH increases .• 
The complexing agent also serves as a buffer to prevent a rapid 
change of pH. 
The Ni or Co deposited is amorphous and usually con-
tains 6 to 10%P. The rate of deposition does not decrease 
...... 
·r 
, .. 
4 
substantially during plating unless the hypophosphite or Ni 
concentration is greatly reduced. ~ 
B. Purpose of Investigation 
The purpose of this investigation was to study the 
sintering characteristics of iron powder which had an electro-
less Ni coating on each powder particle., In particular, it 
was desired to know (a) if a liquid phase would form during 
sintering of Ni-P coated Fe powder at relatively low sintering 
temperatures, and {b) if a liquid phase is formed, would it 
cause a substantial increase in the density and strength of 
Fe powder compacts without a severe loss of ductilityG 
c~ Scope of Investigation 
The initial sintering investigations were carried 
out on Ni-P coated steel wires in order to obtain a more 
macroscopic observation of the mechanisms involvedQ Later 
hydrogen-reduced Fe powder coated by immersion in the electro-
less Ni solution was compressed and sinteredo The densities 
and strengths obtained in these compacts were closely compared 
to those obtained in compacts of H-Fe powder which had not 
b e en c o a t e d w i t ~ ~J i - P • 
··. ·: :~: 
(; 
:, 
s: 
' ' 1· I 
EXPERIMENTAL P8QCED118E 
A. Study of Wire Models 
Wire Composition 
The steel wire used in the initial p.ha:s·e of the in-
vestigation had a diameter of O. 125 11 and its chemical composition 
was as follows: 
C Mn p s Si 
- - - -
.03 r26 .007 .019 .003 
-~ 
Plating Ba th and Procedure 
Prior to plating, all • cleaned wi t·:h wires were 
trichlorethane, immersed • boiling alkali cleaning solution 1n a 
ft·r 20 minutes, rinsed in hot water, immersed i.n 7%H2S04 at 
·1 .. 6:0 OF for 1 O mi nu t e s , r i n s e d i n hot w a t e r , an d d r i e d Q 
Plating of Ni on the wires was done in an ele~troless 
·N·i bath which deposited Ni and P. The co.mpo.sition.(l2) of this 
:bath was : 
149. 0 g rarn.s of NiS04 • 6H 20 
106.4 grams of sodium hypophosphite 
63.8 grams of sodium acetate 
4 1 i te rs of distilled water 
The pH of the solution was adjusted from 607 to 508 by adding 
30 drops of concentrated H2S04. The bath was maintained at 
l80°F ± 2°Fo 
Clean wires were immersed in the bath for times of 
5, 15, and 30 minutes, after which they were rinsed in hot 
I 
.! 
6 
water and dried. Control samples were cleaned and left in the 
uncoated condition. 
Wire Models 
Wire models were made using three 1" long lengthso 
These wires were bound together with fine nichrome wire in such 
a way that three lines of contact were createdQ A sketch of such 
a model is shown in Figure 2a. No pressure was applie.d other 
than that caused by tightening the nichrome wire. Some investi-
gators(l3),(l4) have used more sophisticated wire models to 
study sintering mechanisms where the wires were twisted together, 
but this method c_ould not be used because of the inherent 
b. r i t t l e n e s s o f t h e. d e p o s i t e d N i c o a t i n g s • 
Models were made of both uncoated wires and Ni-P 
.. c·o.·at:ed wires but in each ca··se the three w··ires in the trio 
,, 
had the same treatrr,ent; for example-, .a1·1 t-hree .Nf-··P coatedo 
Sintering 
Sintering -·was carried out in al :3/::8:" diameter q.u··a·rt:z 
tube which had a glass stopcock at each end. The heat was 
supplied by a Leco furnace having a 2" uni form heat zone O The 
temperature in the uniform heat zone fluctuated ±10°F when at 
the desired temperature. 
Sinterinq temperatures were varied between 1625°F 
and 2000°F and times from l second to 44 hours were usedo In 
all cases where the sintering time was less than l hour, the 
wire model attached to a chromel-alumel thermocouple was 
•I 
pushed to the hot zone of the furnace which was at the 
desired temperature under a dynamic high purity H2 atmosphere 
{28 cc/min.). After the wire model had been at temperature for 
the required time, the thermocouple and specimen were pulled to 
the cold end of the quartz tube. This procedure was used to 
eliminate the slow heating an_d cooling through the high 
temperature ranges which may have had more of an effect on 
sintering than the short time at the sinterinq temperature. 
Sintering for times of l hour or more was done in 
~titic high purity H2 to assure a very pure sinterinq atmosphere. 
The s ~mp l e was p l aced i n the hot zone of the f u r n ace and; h eat e d 
to the sintering temperature, at which time the stopcocks on 
both s i des of the tube were c 1 o s e d • Co b::l i: n g w ·a:s do rt~ i' n t h,.e 
static H2 atmosphere. 
Metallography and Electron Microprobe Investigation 
After the sintered models were mounted in bakelite 
and the cross section polished, the lenqths of the sintered 
zones were measured using a ruled eyepiece on th:e microscope· .... 
Th~ length dimension of thi sintered zone is schematically 
Sh6~n in Figure 2b. The percentage of eutectic in the solid 
~~, 
solutfon phase of the sintered zone was determined by tracinq' 
t:h:e zone from a photomicrograph to orid paper and counting 
-the encompassed blocks on the qrid paper. 
Electron microprobe analysis of Ni and P were made on 
both the solid solution and eutectic phases in the sintered zone. 
I. 
Bo Study of Powder Compacts 
Powder Statistics 
8 
( 
The powder usedwas hydrogen-reduced Fe powder sieved 
to -200 mesho The chemistry was as follows: 
C 
-
Mn /. P 
-./ -
-
s Si 
.07 .52 .013 
Electroless Ni Pl ati,ng 
Fe powder particles were coated with Ni-P using 
the same electroless Ni bath composition, temperature, etcQ as 
was used to coat the steel wires. 
Th e p ow d e r w a s n o t c 1 e a n e d b e f o r e p 1 a t t n. g • I t w a s 
immersed into the electroless Ni solution which w.a.s continuously 
and vigorously agitated. Immersion time was 30 minutes, after 
which the solution was poured over filter paper followed by 
rinsing with cold water. The powder was then washed onto clean 
filter paper with methanol and placed under infra-red heating 
lamps to dryo Finally, the powder was passed through a 200 
·mesh screen to remove the plus fraction along with large flakes 
of Ni o 
C 0
1 
mp a c t i n g 
Powder samples (uncoated H-iron and Ni-P coated H-iron) 
of approximately 4 grams were compressed in a die having a cross 
section of OQ125" x le250 11 • Prior to each compaction, the die 
surfaces were lubricated with a solution of stearic acid 
dissolved in carbon tetrachloride. Drying time was permitted 
, I 
,j 
. ..,,.~ 
'.'oc:··,',:,:...,..~.-l.,,. .• ,,._ , I 
before the powder was added. A Ri~hle tensile-compression 
testing machine with a 60,000 lbo maximum load was used to 
compress the powder samples at 20, 40 1 and 60 tons per square 
incho 
Sintering 
.f 
9 
Sintering w·as: done in the same equipment used to sinter 
the wire models. A H2 gas purifying system was added so that 
all experiments could be carried out in a dynamic H2 atmosphere 
(28 cc per minute). Purification was accomplished by passing 
th e H 2 t h r o u g h a c om me r c i a l II de o x o II u n i t w h i c h .co n v e r t s t h e O 2 
in the gas to H20 1 through a column of activated alumina to 
remove the H20 1 and finally over Ti metal chips at lfj00°F. 
Any traces of 02 remain-ing in the H2 reacted with the Ti and 
were rem.oved from the gas •. 
The powder compacts were placed in a flat bottom 
ceramic boat. The boat was put into the center of the quartz 
tube which would be the area of uniform heat during· sintering. 
Sintering was carried out from 1700°F to 21-50°F and for times 
from 1 minute to 22 hours. 
Density Measurement~ 
Green and sintered densities were determinedo In 
cases where the samples became distorted during sintering, the 
method of density determination outlined in MPIF Standard 13-62 
was usedo The sample was weighed and then coated with clear 
lacquer. It was weighed again in air and also suspended in water. 
The formula used to calculate the density and a sample 
calculation are included in Appendix I. 
Bending Tests 
,. 
10 
The bending strength of each of the sintered samples 
was determined by the procedure described in MPIF Standard 13-62, 
The test jig was slightly modified from that described in 
Standard 13-62 in that the supporting rods (l/8 11 dia,) were 
p 1 a c e d 3 / 4 " a p a r t i n s t e a d o f 1 " • S o me o f t h -e s a m p l e s w e re 
only l" long after sintering. The distorted s-.a.mples were 
machined to make the sides flat and parallel •. 
The bending load was applied by the Riehle tensile-
·:.compression testing machine. A cross head speed of Ool" per 
rninute was used. Movement of the crossheads was stopped as 
soon as the load decreased, indicating failure. The formula 
used to calculate the bendinq strenqth and a sample calculation 
are shown in Appendix II. The deflectio~ which had uccurred 
in the sample prior to fracture was measured. 
Metallography and Chemistrt 
Cross sections of the sintered samples were examined 
metallographically and by the electron microprobe. Sections 
through the sintered samples were analyzed for the average 
P con tent Q 
·- .. ,.'!j\.1',.,r~, ........ ___ ._,.,.....-
:i 
. 
As-Plated Coatings 
DISCUSSION OF RESULTS 
A. Study of Wire Models 
1 1 
The rate of Ni-P deposition from the electroless Ni 
bath was constant over the range of imm~rsion times examined 
except for the initial several minutes. The average coating 
thickness has been plotted with respect to immersion time in 
·.Figure 3 o The coatings were uni fo.rm m"t.i"ch like that :$ho:w-n i::n· 
:p; g u re 4. 
Electron microprobe examination of the- cross section 
-Of· coatings deposited in various times disclosed the followin-:g 
range of P content. 
Imme rs i,on Ti me (Min.) 
5 
15 
30 
Percent P in Coating 
2o3 - 3o2 
3e8 - 4Q5 
4.9 - 6Q6 
·t··he:s-e· values of P have not been corrected for abs,o~rp:-t.:io:rr :_or· 
·f .. l u o re s c e n c e • A l s o th e s t a n d a rd for P i n t h e e l e ct: r·o n:. rn i c- r o -
probe was ferrophosphorus (24%P) in which the P did no··t· appear 
to be homogenous. Therefore, these values should not be 
considered as accurate determinations of the P content of the 
electroless Ni coating, but ~nly relative valuesQ 
G u t z e i t ( 1 5 ) · c 1 a i ms , th e P co n t e n t o f t h e co a t i n g i s 
dependent on the pH of the bath. He found P contents ranged 
f r om 7 • 5 % i n a b a t h w i t h a n i n i t i a 1 p H o f 5.-. 5 t o l 4 o 6 % i n a 
: · 
·\. ) 
z·· 
. ?" 
: ,.-. ,. : 1, .. :.1 '.:·~ ··~.-·,~1;, ·c .. ".liillf" , • - -
1,2 
bath havinq a pH of 3.5. During plating, the pH of the 
solution decreases. This causes an increase in the P content 
in the deposit. This explains the relationship of P content 
to immersion time. The wires immersed for .short times were 
only present in the bath while it had a relatively high pHo 
The samples immersed for the lon.9 .. e,r times were present during 
t h e t i m e t h e p H w a s d e c re a s i. n g: a n·;d t h e c o a.t i rt g .on t h e s e w i r e s 
had more P. 
Sintered Uncoated Wires 
Mode 1 s of u n coated s t-e e.il w ;·· re:s ·w ·~- r\e :h :el d :at temp e r a -
tures of 165.0, 1700, and 1800°F f·o.r t.f.mes as ·1..on-g a.s 2·2 hours 
·.; 
with out ,,tny evidence of s i nteri ng. F-i:,~rurg ·-5 1-.s a ph.o.tomi crogra,p·.h 
:of o·.·ne .. :of' the contact points betw'°e·e.·n t.w·o w:t:r·es si.n.te·re:d ·at 170'0·0 :,F': 
f o r :2 2 h o u r s • 
Sintered Ni-P Cqated Wires 
l • E f f e c t o f P 1 a t i n. q. T i me 
T a b l e I i l l u s tr a t e s t h a t p l a t i n g ti m e· ih a: di a.n 
effect o·n, th·e si nteri n g behavior of the coated/wires. ·A. 
temperatute of about 1700°F was required to sinter wires coated 
by 15 minutes immersion. However, wires immersed for 30 minutes 
sintered at 1650°F. Models of wires plated in 5 minutes did 
not sinter even at 1800°F. 
The dependence of minimum ·sinterin·g temperature 
on immersion time is related to the P content of the coating 
,. . 
.... 
I~.' 
,, 
' } 
" 
\ 
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and not the coating thickness. On the hypoeutectic side of 
the Ni-P phase diagram (Figure la), a slightly greater amount 
of P can appreciably increase the quantity of the liquid phase 
at a given temperature above the eutectic temperature. Wires 
having thin coatings low in P required higher temperatures to 
~reduce a sufficient quantity of liquid for sintering than did 
the thiC'kly coated wires which were high in p·Q Sintering 
.c.o.ul:d not take place at these relatively low temperatures if 
o :,n: Ty s ma l l i s o 1 ate d pool s of l i qui d we re present Q A cont i nu o us 
m·olten fi 1m wa·s r:equir·e:d. 
:2 • -.E ff e c t of S i n t e r i n g T i m:e 
Thi s are a o f the i n v e s ti g at i on was l i mi :t e.:d: t·o 
sintering of mo.dels made up of wires i·rnme.rsed for 30 mi·n-utes: 
i n t h e e l e c t r o l es s N i b a t h • T ab 1 e I I g i: v e s t h e re: s- 1J l t· s ob t a ··f n e -c:d 
~ 
by sinterr-9the Ni-P coated wires at l700°F for different times .• 
The maximum amount o f s i n t er i n g , as def·,- n ~ d: by t h e l en g th of 
the sintered zone, occurred after one second at temperature. 
As the sintering time was increased, the length of the zone 
decreased by a significant amount. This is graphically 
i 1 l u s t r a t e d i -n Fi g u re 6 • 
A series of photomicrographs of the sintered zones 
produced after various times at 1700°F, included in Figures 7 
and 8 1 show another condition. As the sintering time became 
longer, an increasingly smaller percentage of the cross 
sectional area of the sintered zone was eutectic (note particularly 
Fiqure 8). A calculation of the percentage of the cross 
s e ct i on of the s i n t e red zone made up of e u t e. ct i c i s i n cl u d~ed 
in Table II and plotted in Figure 9. 
The eutectic is difficult to see in some of th.,e 
.14 
p'·hotomicrographs of samples sintered for short times b,ecaus·e 
the entire zone is brittle eutectic as evidenced by :the cracks. 
T h e e u t e c t i c p h a s e i s b r o u g h t o u t p a r t i c u l a r l y w e 1 ·1 i n p h o t o -
g r a p h s of th e s amp l e s s i n t e re d f o r th e l on _q ._e. r ti :ni:e s. ( F i g u re 8 ) • 
E l e c t r o n m i c r o p r o b e a n a l y s i s o f s ·flV·e, r ·a- l a r e a s i n 
't·h e S:.O l;: d sol u ti on p h as e and i n th e e u t e ct i c p, has e \'/ere ma d·e.-
.a_ ·n d t he d a t a p u t i n T a b l e I I a n -d p l o t t e d i n F·f g _u re s. 1 :O· ·a n d 
l l .. Th e N i c o n t e n t w a s a p p r o x i m a t e l y t h e s ·a .rrre ·, ·n b o t h o h a s e s 
after a given sintering time. T h e P· c on t en t di d n o t c h a n q e ,· .. . . . . . . . 
.,. 
significantly in either the soltd solution or eutectic phase 
as the sintering· time was in·c.r.e·a.s:ed, If th·~ eqtecti·c phase 
diminished with longer times a-t 1:·7.,o.0°F ::an:d the P analyses of 
the solid solution and eutectic phases remained the same, P 
must have been removed from the sintered wires. 
Conclusive proof o.f· ·th.e removal of P from the 
:wire models during sin,terin-g was :f·ound-. ·A' ,sample that had been 
sintered at 1800°F for 22 h.o·.ur-s, h·_a:d no eutectic phase in the 
sintered zone~ ~igure 12 is a photomicrograph of this sample • 
. Ni and P mi crop robe_ X-ra:y ·i.rnage photoqraphs taken of the 
sintered zone showed no concentration of Pin any area of the 
sintered zone or in the adjacent areas. These photographs are 
s h o i~ n i n F i g u·r e.· 1-3 • S i m i l a r p h o t o g r a p h s o f t h e s i n t e re d z o n e 
. ;.>·' 
.J 
l :S: 
df a sample sintered at 1700°F for 5 minutes are in Figure 
14-o The sample sintered at 1700°F definitely showed a 
P: con c e n tr at i on , i n di ca t e d by the: con cent rat i on o f w h i t e dots , 
throughout the sintered zone. This zone was almost entirely 
eutectic phase as shown in a photomicrograph of this sample 
i .. n F i g u re 7 b • 
Thus it is concluded that the de-crease in the 1·e:rr~ft:h 
o·f th.e· sintered zone with long times at temperature is d-.ue· :t.o 
t::t~:e.- re:rn o .v a 1 of P • Since P i s a very :l t q ht el e men t , i t can 
cause a stqnificiint decrease in volume if removed in aorr,.our1·t-.s 
~ . . . . . 
which are a small perce·n·tage of the total we.iqht. The mechanism 
i n v o l v e d i n t he rem o v a 1 :C> r- :P w as n o t d e t e r rh i n e d i n t h i s f nv e s t i -
-:g-at ion~ 
( 
A search of the 1 i terature ,h:a·s, .d·iis·c·1o·se-d th:a.t -ot·her 
i n vest i ga.to·r s have found that P and. o·t he· r e 1.:-ern e-r1.t·s a:r-e. retrlo.v e.d 
from powder compacts during s i nte.ri ng. Eisenkolb{l6) added 
red P to f-e: ·powder and after sintering co.m:p·:a:·ct-:s. of t_hi.s m:ixtu.re 
in H2 he found a majority of the P had been r'e:·moved,o .F·r·eh.n a:n'.d 
Hotop(5) added B to Fe powder and Al-Ni-Co permanent magnet 
alloy powders. The B formed a eutectic phase during sinterirrg: 
and they found the B disappeared if the added amount was 
adjusted to the o2 content af the powder. Frehn, et al, 
attributed the removal of B to the formation of B203 whi:e:h 
evaporated during vacuum sintering. 
I 
I 
; . 
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-3-. Effect of Sinteri ng Temperature I (, 
The data accumulated in the study of the effect 
of sintering temperature on the length of the sintered zone 
can be found in Table III. At 1700°F or higher, only a very 
short time was required to sinter the wires coated by 30 
·m i n-u t e i mm e r s i on i n t h e e l e c t r o l e s s N i b a th • F i g u re l 5 
i 1 l u s t r a t e s th i s- p o i n t . A 1 s o th e 1 e n g :·th o f th e s i n t e re d z on e 
was not greatly affected by temperature in the range of 1700'°F 
to 2000°F. 
A. s: t u·:ci y· o f l on g e r t i m.e s- (2 2 h o u rs ) at t:h.e.; 
·v ·~ '.rJ._<lu:_:s .t:.e:mp e.ra tu res sh owed a s omewh a··t· di ·f f ere n t story as 
·-f J :l u;s t r a t-·e d ·,: n F i g u re l 6 • s i n t e r i n g h a d o c c-u r-re d a f t e r 2 2 
:h b -Ur s a t l 6 5 0 Q F b u t no t a-ft e r l m i n u t e a t l 6 .ffO :o F • At a 
.s 1 i g ht l y higher temper at:u r.e .o,f 1700 ° F, only l .:s.e con d was re-
q u i re d t o s i n t e r t h e w i re· s.: a.s i l 1 u s t r a t e d ·,: n Ta b T e I I • 
. Apparently, at 1650°F more: t-ime was requi:r,t~d fo-r the diff.us-i_o·n 
of Ni and P t.o form the eutectic compos::itio-n:._: 
In Figure 15·, tt is appa.re.nt. t:h-a-t the ma xi mum 
sintered zone length occurred after sintering· at 1700°F. This 
coincide-s with a maximum in the percent of eutectic in the 
sintered zone which also occurred at l 700°F, as shown in Figure 
170 In going from 1650°F to 1700°F, the length of the sintered 
zone grew due to the additional liquid that formed in accordance 
with the phase diagram. This was also true when the te~perature 
was increased to 1800°F; however, the predominant effect at 
this temperature was the removal of P from the system resulting 
. ,.·.· .. ,.,, .. ·~,, ..... _-
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in the elimination of the eutectic phase after 22 hours. This 
removal of P decreased the length of the sintered zone. 
B. Study of Powder Compacts 
Coating of Powder Particles 
Immersion oft.he H-iron powder in the electro:less. 
N i s o 1 u t i o n f o r 3 0 m i n u t e s co at e d e a c h p a rt i c 1 e w i t h a t b "tl fii. r1:u. o u s 
1 ayer Of N .i and p a Ver a g; n g • o:o O O 4 II ; n th ; Ck n es s e F; :g~u. r=e 1 :a. 1 :S 
a. photom.i:crograph of .some of these coated Fe particle:-s. r·he 
:coating was much t.h·i<nner than that deposited o:n -ste.e:l w-fr_e:~ 
·in 30 minutes (.00031"). This was p:robably d·ue t:o th·e m'ucn 
g re a t e r s u r f a c e a re a a v a i l a b l e f o .r p. l a t:'i.: n· g .w h e n t he· :P ·ovrd .e '.t vfa s 
i mm e rs e d i n t··h e b a th • 
The chemical analysis o.f· the .. :N:i ... :p cQ_·a;t:·ed po \afd et' ·W:q:""s 
as fo 11 ows : 
Fe Ni p 
--- - -
65.3 3 l • 2 3.0 
The fine powder particles provided a l a.rcre su.rf·a·c .. e· to: v·ol:ume 
ratio and the thin layer of Ni-P ad_d:e.d v:ery ·S'tg_.n.ificantly to 
the volume and composition of the Fe powderi The results of 
the two experiments, wire models and powder, are not completely 
an a l o go, u :s .o T h e co a ti n g s o n t he w i re s , a 1 t h o u g h t h i c k e r i n s o me 
cases, made up much less of the total volume. 
Based on the analysis of the powder, the P content 
of the electroless Ni coating was approximately 8 to 9% if the 
P and Ni concentrations in the Fe powder are consideredo This 
• I 
is a higher value than determined from the electron microprobe 
analysis of the coated wires (4.9 to 6~6%P in the coating 
depo'sited by 30 minutes immersion)o However, the electron 
microprobe ·.a·na·lysis is not considered accurateo 
Green Density 
• 'I 
At an equal pressure, the electroless Ni .co·-ated H-Fe 
powder compacted to lower densities than the same powder un-
coated. The values of green densities are listed in Tables IV 
and V. The effect of compacting pressure on green density is 
illustrated in Figure 19. The densi·ties of the coated powder 
compacts are not as poor as they appear becaus.e th>:e theoretical 
density for the Fe-Ni-P alloy would be le.ss. ·.{:7.5:0 g:ms/cc) than 
the density of the Fe powder (7.87 gms/.cc)o Als=o· ·the electro-
less Ni coated powder compacted poorly- b·efca·us_:e the ·hard brittle 
Ni-Player would not permit the particles tb conform to the 
shape of the existing voids. Compacting the .:soft ductile Fe 
·p:,a-·rt·icles into the irregularly shaped void·s .w._as much easier. 
S,intered Dens,ity 
1. Effect of Sintering Time 
Sintering H-iron powder compressed to 40 tst 
at 2000°F for as long as 3 hours·in purified H2 caused very 
little densification. The results are listed in Table IV. A 
representative photomicrograph of the cross section of the H-Fe 
powder sintered at 2000°F is shown in Fig~re 20. 
19 
Goetze1(17) included sintering characteristics 
in his book for two reduced Fe powders which had about the 
same properties as the powder used in this investigationQ 
The volume of pores in samples of these powders compressed at 
37 tsi dec.reased by only 2 to 4% during sintering at 2190°F 
for 2 ·hours. He als.o s.hows another set of data in which a 
hydrogen reduced F:e· P'OWde·r was compressed at 40 tsi and 
sintered at 2000. 0 ·.F,.- The sintered density was 61i45 gni$./,cc w:h:ich 
is very clo.se t·.o the densities obtained with Fe powder in thi,s 
worko Fors::sfl~8). in a recent article showed that hydrogen redu:·c·e·d 
·orill s:-cale compacted at 40 tsi to a density of 6.38 gms/cc 
:d_~_crectsed less than 1% in t:he vertical dimension after 30 minutes 
~ft 2 O O O ° F • T h e r e f o r e • t h e s i n t e r i n g c h a r a c t e r i s t i c s o f H - F e 
powder found during this investigation are in acc;or_q: w,,·t.h t-hose 
found by other investigators. 
Contrary to the poor sintering behav'io:r ·o·f the: 
compressed H-Fe powder. the density of Ni-P coated H-Fe 
powder compa_.cted at 40 tsi increased markedly after si.ntering 
at 2000°F~ After 1 minute, a density of 7o59 gms/tc was obtained. 
This was an increase of 32.2% over the green density and 
greater than the calculated theoretical density for the Fe-Ni-P 
alloy (7o50 gn,s/cc). Small variations in the maximum obtainable 
density of the various samples wouJ·d be expectedo A slight 
difference in the percent of Pin the powder samples would 
significantly affect the density. The results of the sintering 
of these compactsl~re shown in Table V. 
• . y- - --~· 
'·.1. 
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The reason for the rapid densification of 
the coated Fe powder at 2000°F is evident in the photomicro-
graph of the cross section of this sample in Figure 21aQ The 
c i r c u l a r b l a c k a re a s' i n t h e p h o t om i c r o g r a p h a re a r e a s w h e re 
the brittle eutectic phase was extracted during polishing and 
are not voids. Each of the spherical Fe-Ni solid solution 
particles are almost completely surrounded by the grey eutectic 
phase. This dispersion of the solid particles in the liquid 
phase at 2000°F permitted filling of voids and also rapi·d 
rearrangement of these solid particles to the most dense:ly 
packed configuration. 
Accorqin·g: ·t:b the Ni-P phase di agr.c1m (Figure la), 
:l ·i: q u i d b e g a·n :t o f o rm a t l 6 l O ° F ( N i - 8 t o 9 % P :~ l lo y ) d u r i n g 
heating. The Ni and P were both present in the coating. 
Therefqre, very little time was required for diffusion of these 
elements to form the eu.tecti c phase. The entire Ni-P layer 
was liquid at about 1a·oo to 18.50°·F unless conditions were 
altered by Fe dissolving into the, liquid. Densification had 
begun to occur and possibly was -completed by the tim·e 200:0°F 
was attained. 
Theoretical density had been achieved after 
sintering for l minute at 2000°F. Therefore, longer s1ntering 
times could not further increase the density. Actually, either 
an increase or a decrease in the density with longer sintering 
times could h~ve been expected if this had not been the case. 
.I 
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First of all, other investigators(l),(2) have claimed a 
solution-reprecipitation process occurs after the rearrange-
ment of the solid particles. The smaller solid particles 
gradually dissolve in the liquid and this material is re-
precipitated on the larger solid particlesQ The driving 
force for this process is the difference in chemical potential 
between the particles of different size. The movement of 
material from small to large particles results in densification 
by more effective p·acking of the particles. 
A solution-reprecipitation process did occur during 
sintering of the Ni-P coated Fe powder at 2000°F. Photomicro-
graphs of cross sections of the compacts sintered for 3 hours 
and 22 hours are shown in Figure 21b and c. There was a 
definite spheriodization and growth of the solid solution 
particles as sintering time increased. In fact, coalescence 
of some of the large particles appears to have taken place. 
Particles having a diameter of 0,0070" were found in the com-
pact sintered for 3 hours and after 24 hours there w~reparticles 
greater than 0.0100" in diameter. The coated iron powder 
before compacting had a maximum particle size of 0.0029 11 
(-200 mesh). However, the solution-reprecipitation stage of 
the sintering process could not bring about a further densifi-
cation of the powder compact because the theoretical density 
had been achieved before this stage of the sintering process 
had begun. 
J ··- - .. ·· . 
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On the basis of the Ni-P coated wire study, a 
slight decrease in density with longer sintering times would 
be expected. There was a gradual elimination of P from the 
sintered areas of the coated wire models. The observation of 
P removal was supported by Eisenkolb's(l6) work on P additions 
to Fe powder. However, the exact amount of P removed from 
his compacts during sintering is not known. The elimination 
o.f P during sintering would result in a decrease in density 
as:suming the external dimensions of the powder compact wou.ld 
rem a i n u n ch an g ed. Accord i n g t o the chem i ca 1 an a l y s e.s of the 
sintered compacts listed in Table V, no significant amount of 
P was removed during sintering of the Ni-P coated iron powder 
e,ven after 22 hours at ·2·00.0.°F. A decrease in density with 
·1onger sintering times was not observed for- thfs reason. 
There are two contrasting facts about the 
presence of the Pin the two systems; wire models and powder 
compacts. The 3 wires which made up the model had a thin 
coating of Ni-Pin which the P was a very small percentage of 
the total weight of the coated wires. During sintering 1 the 
P was always concentrated near the surface of the wires 
permitting possible reactions between it and the gas atmosphere, 
On the other hand, each tiny Fe powder particle was coated and 
the P made up a significant percentage of the total weight of 
the powder compacts. Also the liquid phase formed during 
sintering rapidly filled the voids and the "Ni-P coated particles 
i.. 
'\ 
' 
' 
•l 
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in the center of the compact were not in contact with the H2 
gas. Removal of the P from the coating on these particles 
would have to occur by diffusion through the liquid eutectic 
phase. Therefore, a significant amount of P was not removed 
from the powder compacts as it had been from the coated wires 
because there was much more present and only a small percentage
 
of it was in contact with the sintering atmosphere. 
One other reason could be sugqested for the 
failure to eliminate P during sinterinq of powder compacts, 
The purer H2 gas, obtained by passane over titanium metal 
at 1650°F, used to sinter the powder compacts had less 02 and 
water vapor to oxidize the P. This is assumino the prevtous.ly
 
discussed theory that Frehn ~nd Hotop(S) used to ~xplain the 
loss o:f B additions from Fe po't1der compacts is correct and 
a pp: l i .e s t o P a s w e 1 1 • I n o rd e r t o i n v es t i q a t e th i s p o i n t , 
Ni-P coated Fe powder compacted at 40 tsi was sintered at 
1850°F for 22 hours in H2 which was not further purified by 
hot Ti metal. The P analysis of thi.s compact after sintering 
was 2.9%. There was no loss of~ and also there was no further
 
i'ncrease in density over that obtained after l hour at 1850°F. 
Therefore, the failure to remove P from the powder compacts 
cannot be associated with too pure H2. 
2. Effect of Sinterinq Temperature 
After l hour at 2150°F, the sintered density of 
uncoated H-Fe powder compacted at 40 tsi was only slightly 
greater than the green density. The sintered densities are 
..... · 
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included in Table IV and the effect of sinterinq temperature 
on density has been graphically illustrated in Fiqure 22. 
Some densification of the electroless Ni coated 
Fe powder occurred at a sinterinq temperature of 1700°F. At 
l850°F a very significant increase in density was noted, in 
'' 
f·act 1 the theoretical density had been attained. These 
results are shown in Tabl·e V and Fiqure 22. O.f course, no 
further benefit was. ob·ta.'i·ned by sint·er°i'·n.9 ... at te.rnp,eratures 
:g r e a t e r t h a n l 8 5 0 :o f •. 
r·h·e. r::.e·s: u lt.s. :o- b.: t_aj ·n e-·d· :; n :sf,,. t er i n g the N: i - P coated 
H-Fe p:owder at various te·m·:p·erat:ur,es· :c·an be explained from the 
" 
N·i:, .. p phase diagram in Ftgu·r:e· l:a... T-he ·e:ff'ect of the· diffusion 
o:f .Fe into the liquid ·p:ha.:s:e. h·aS:: b.e.Ern ;·,qnor.ed. ·Cnrn.P l ete dens·i ~·· 
·fica.tj:.on oc·c.u·rred so rapidly- t.ha:t ve··_ry: lit:t1e. ·re c·ould have 
d. l f f u s e d i n t o t h e c o a t i n g p r· i o :r t o th i' $ t· f m e. • T h e N i - 8 t o 
'9.:%: ·p a 11 oy at l 7 O O ° F consisted o·f :tw·o phases-. l i quid and a sol id 
Ni phase. At temperatures of' 1a.-so·:to 215·0°F, the li.qu1.d·us line 
of the phas~ diagram had be:e:n crossed arrd the entire Ni-P 
coating was liquid. Th~refbre, at these temperatures more 
·1iquid was present tha:n .. at 1700°F and the entire void space 
.was filled. Photomic.roora·p.hs .of· th·e cross sections of the com-
p:~cts sintered at 1700°F and ·1a50°F in Fiqure 23 confirm this, 
.Al's o the sol id part i cl es di s per s ed. i'rt a l a r Q er qua n ti ty of 1 i qui d 
h-ad more opportunity to move to th.e.:i:r most dense packing • 
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It would appear from the results in Table V that 
slight increases in density were obtained by sintering at 
temperatures greater than 1850°F. These increases are small 
and may not be siqnificant. If these increases are re~l, they 
could be attributed to the growth and spheriodization of·the 
solid solution particles. Growth and spheriodization of the 
solid solution particles did take place at temperatures greater 
t h a n l 8 5 0 ° F • Th i s i s i J 1 'Us t r a t e d i n F i q u re. 2 4 w h i c h i n c l u d e s 
photomicrographs of the samples sintered at 2000 and 2150°F. 
This is a result of th·e solution-reprecipita.tion stage of the 
sintering process which was discussed in the previous section. 
Other investigators(l),( 2 ) claim this stag.e results in further 
densification of the compact. 
A 1 s o I t h e s 1 i g h t 1 y g re a t e r de n s ;. t i e s a t h i g h e r t e m p e r a -
tu res co u 1 d be a res u l t of a l o s s of P or a ch an g e i n the 
chemistry of the eutectic and soli-d solution phases. This 
is provided the increases in density are real. Changes of this 
nature mig~t have affected density but according to Tables V 
and Vi, there was no P removed from the compacts or change in 
chemistry of the phases regardless of the sintering temperature. 
3. Effect of Compacting Pressure 
The densities obtained in the H-Fe and Ni-P 
coated H-Fe powder compacted at 20, 40, and 60 tsi and sintered 
at 2000°F for 1 hour are shown in Table IV and V. It was pre-
viously shown that compacting pressure had a great effect on 
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the green density of H-Fe powder and Ni-P coated H-Fe powder. 
However, sintering the H-Fe powder compacts at 2000°F resulted 
in only slight increases in density. The powder compacted at 
the higher pressures did have slightly more densification. 
The compacting pressure had no effect on the 
sintered density of the Ni-P coated Fe powder. Regardless of 
pressure, the compacts sintered to about the same density 
(7.45 to 7.55 gms/cc). The volume of liquid formed during 
sinterin~ at 2000°F was great enough to fill the void space 
even in the most poorly compressed sample. The structures Qf 
. ' these Ni-P coated powder compacts were all very stmitar. 
Figure 24a, which is a photomicrograph of the samp.le compressed 
to 40 tsi, can be considered representative of the structures 
:of· the samples compressed at 2:0 and· .6.0 tsi a.·1,··so. 
Attainment of :hi9h d_·en-sities reqardl.e:'s·s· .o·f·· c;o_m·~-
pactinq pressure durinq liquid ph'a$e sinterino is .not Ui1cQmmon, 
if sufficient liquid is present at the sinterino tempetature. 
For instance, Chadwick, Broadfield, and Puqh(l9) fQund that a 
powder mixture of 75% Fe and 25% Cu sintered for 1 hour at' a 
temperature greater the melting point of Cu attained nea¥ 
theoretical density teqardless of compacting pressure. 
Bending Strengths 
The bending strength of the sintered H-Fe powder 
compacts can be related directly to sintered density regardless 
of the processing steps. This is also true for the deflection "\ . 
'. ; .. ,,,.,..,. 
~I 
) 
1 
I 
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of these compacts which is a mea~ure of their ductility. The 
bend i n g s t re n gt h s and def l e ct i on have been i n cl u de d i n Table IV • 
Figure 25 illustrates the relationship of strength and deflection 
to density. 
The bending strengths of the Ni-P coated H-Fe powder 
I 
compacts. in.eluded in Table V, were much greater than the 
strengths of the uncoated powder qiven t~e identical processing. 
For instance, compacting at 40 tsi and sintering at 2000°F 
resulted in a bending str~hgth .in the Ni-P coated iron powder 
compacts about 38,000 psi greater than that of the H-Fe powder. 
At least some of the improvement in strength whith came about 
by electrol~ss Ni coating the Fe powder can be attributed 
presumably to increased density. Also, increased strength was 
probably due to the hard eutectic which was the continuous 
phase· in the sintered Ni-~·coated Fe pbwder compacts. Howeveri 
this hard brittle eutectic is also the cause Qf the extremely 
poor ductility of these tompacts as noted in Table v. Regard-
less of the compacting and sintering parameters, the coated 
powder compacts had no measureable deflection. Figure 26 is 
a photograph of the fractured samples of H-Fe powder and Ni-P 
coated H-Fe powder which were compacted at 40 tsi and sintered 
for 1 hour at te.mperatures from 1700 to 2150°F. This shows 
qualitatively the lack of ductility as a result of electroless 
Ni coating the iron particl~·s. Therefore, Ni-P coating the Fe 
powder resulted in much greater densities and bending strengths 
after compressing and sintering but the compacts had no ductility. 
I 
r 
l; 
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The strength of the coated iron compacts could not 
always be related to density. Lower strengths were found 
after sintering at temperatures greater than 1850°F even thouqh 
the densities did not change siqnificantly. Bending strength 
has been plotted with respect to sintering temperature in 
Fi g u re 2 7 • I n c re as e d den s ·tty i s res pons i b l e for th e i mp roved 
strength obtained by ihcr~asing the sintering temperature from 
1700°F to 1850°F. However, the lo-s·s in strength after sinterin9 
at temperatures greater than l8-50°F is probably due to the 
change in the microstructure. Sintering at temperatures 
greater than 1850°F caused a growth of ·the solid solution-
pa·rti·c.1 es as evidenced in F·i·gu res 23 a:.ti<d 24. The grow th of 
t h:-.e s -.e p a rt i c l e s w .a s p r. crb -~ b 1 y t he c a -u s. e: .o f -t.h e ·1 o s s o f s t re n q t h 
b:Lft just how th:i·s :caus~d "ci loss of str~_ngt.h is not known. 
Th:e sampl·e of ·Ni-P c.oa.te·d· H•:Fe powder compressed 
under the least pressure {20 tsi) and sfntered at 2000°F fo·r l 
hour had the greatest bending strength. The samples pr~sse·d 
at higher pressures had slightly lowe.r strengths. T.h·e 
d·ifference in strength app:e-ars ·t·o be significant (8-,:00-0 to 
9 , 0 0 0 p s i ) 1 h owe v er , the r·e i.s no exp l an at i on f :O .r ·; t • Al 1 
the samples had about th.-e. :sa:rtte sintered densi-ty and micro-
structure. 
CONCLUSIONS 
The following conclusions have been made· on the 
b·. a :s·: i s. o f th e e x p e r i me n t a l re s u l t s : 
I 
,1 
I 
1 
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1. Steel wires which were immersed in an electroless 
Ni plating bath for 30 minutes sintered together at tempera-
tures as low as 16S0°F, whereas, uncoated wires did not sinter 
at 1800°F, 
r2, Sintering of the wires having the· coating of 
Ni-P occurred at relatively low temperatures because of the 
formation of a Ni-P liquid eutectic phase, The minimum 
sintering temperature was de.pende:nt .on the P content of the 
coating. 
3 • The ·m,a. x, .m:u:rn· s i n t e r i n g o f th e N i ... P' ¢:o: ate d w i res 
occurred after oTily s·econds at temperature. Ther·e was a con-
tinual decrease in the lengfh of the sintet~d zone with longer 
times at temperatures. Th·is =d.ecreas·e wa·s ·th·e result of P •. . . . . . . . 
removal from the coate·d :W·ire·s. 'The mecha·ni·sm o.f P removal . ' . ·- . . . ' . . . . .... ~-
. 
.. 
w a s n o t de t e rm i n e d ;b u ·t· i. :t. f s·: p re. s:u trt e d, t o b e o )< i d a t i o n a n d 
vaporization. 
4 • H- i r o n p:o w a::e r p a r t i c l e s. W·e:·r·.e. e 1 e c t r o 1 e s s N -i' 
-
c o a t e d w i t h o u t a n y d i ff·; · c u 1 t i e s • A c o a. t i n q o f a b o u t O • O O O O 4 11 
and having 8 tQ 9% P was deposited during 30 minutes immersion. 
5. Th·e Ni-P coated H-Fe powder would not compress 
to densities as great as tho.se obtained with uncoated H-Fe 
powder. The brittle Ni-P coating would not permit the particles 
to conform to the shape of the existing voids. 
6, Sintering of the coated iron pa·rticles at 
temperatures of l850°F or higher resulte:d 1n the attainment 
r 
I 
of theoretical density for the Fe-Ni-P alloy. The uncoated 
H-Fe powder had very small increases in density even after 
sintering at 2150°F. 
30 
7. At a sinteri nq temperature of ?000°F, Ni-P coated 
Fe powder compressed at pressures of 20 t.o 60 tsi all had the 
s_ame density. 
8. No P ·was removed f:rom the electroless.- ·Ni. coated 
powder compacts during sinterin,g as had occurred wit.h· the 
coated wires. The failure to r·.e:m·ove P from the c.o:mpa·c.ts·. 
was attributed to the fact t:h.:at m·u·ch more .P was: pr:e·s-·e:n·t th:an 
in the case of th·:e .. wi:r-e·.s.-. Also ve·ry ·1;ttle of it W>-crs- tit 
the surface of the co.::m·p-act making it unavai 1 able for :t·eae.t .. i.o-n 
w i t h i m p u r i t i e s i n t he. .H 2 g a s • 
9. A v·ery large increase in strenq·th :w.·a·s obtaine·d 
b __ y electroless Ni coating the iron powder bef:or.e, pressinq an::d·. 
s i n t e r i n g i t • B e n d i n g s t re n q t h s i n t h e r a n ;g·e: of· l O O I O O O p s i 
were obtained but the sintered co-:ate-d ,P:ow:-de:r_s ha-d no ductil:fty, 
because of the .c::onti--nuous, brjttle: eutectic _phase. 
1' 
., .. 
TABLE I 
I 
·, 
' 
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SINTERING DATA FOR MODELS MADE OF WIRES COATED 
BY VARIOUS IMMERSION TIMES IN THE ELECTROLESS NI BATH 
Immersion 
Time 
(Min.) 
5 
5 
5 
'l :5 
15 
'ls: 
·30 ._· '' 
I , • -
:3':0 
·30 
·30: 
Average 
Coatinq % Si nt eri ng Data 
Thickness p • Temp. Time Wires , n 
(inches) Coatinq ( o F) ,LH rs • ) Sintered 
.00009 l • 5- l • 8 l 6 50 22 No 
~00009 l .5-1 .8 17 00 22 No 
.00009 l • 5- 1 .8 1800 22 No 
, 00019 2.0-3.0 l 6 50 ,22· No 
.00019 2.0-3.0 l 700 .:22· Yes 
• 00019 2.0-3.0 l 800 :22 . ' . Yes 
,.O..,OQ.3) 5.5-6.5 l 625 2:2: Dis cont i nt1:0:.Us 
Zone * 
0<0:0:3.l •= ·.. . . 5.5-6.5 l 6 50 :2-2· -, - . - Yes 
... _ o,o~o :a 1_: 5.5-6.5 17 00 ·-2·2, ' .. Yes 
.-,0:0-0=3 l 5.5-6.5 l 800 ·2:2 Yes 
.-·· 
* T h e W i res De f i n i t e ly. S i n t e red i n P a r t-t c u 1 a r 
Areas But the Li outd Fi 1 m Must Not Have Been 
Continuous Around th.·e Wires· • 
• 
TABLE II 
··-LENGTH AND t~ICROPROBE ANALYSIS OF SINTERED ZONES IN MODELS MADE OF WIRES IMM·ERSED 
IN ELECTROLESS NI BATH FOR 30 MINUTES AND SINTERED AT 1700°F 
Length (In.) of Three 
Sintered 
% of 
Sintered 
Zone 
Microprobe Analysis 
of Solid Solution 
Microprobe Analysis 
of Eutectic Phase* Time At 
1700°F 
l Second 
1 Minute 
5 Minutes 
1 5 II 
l 
3 
10 
22 
44 
Hour 
Hours 
II 
II 
II 
Zones In a Wire Model 
l 2 3 
.0255 
.0262 
.0232 
.0235 
.0239 
.0240 
.0212 
.0212 
.0204 
.0259 
.0262 
.0228 
.0243 
.0262 
.0256 
.0212 
.0220 
.0204 
.0262 
.0274 
• 0 l 81 
.0127 
.0243 
.0236 
• 0 l 81 
.0228 
.0216 
Which is 
Eutectic 
95.0 
95.0 
90.0 
64.5 
40.0 
24.5 
-
20.0 
10.0 
%Ni 
81 • 0 
77.0 
71 • 0 
54.0 
42.2 
38.7 
36.3 
31 • 6 
3 2. 5: 
Phase* 
, , %P 
0.96 
0.95 
l • 2 3 
0.88 
0.78 
0.68 
1.02 
0.60 
0.92 
OZN • . ': . ,
81 f. 3 
82.5 
76.2 
65.5 
45.9 
3 8. l 
34.9 
3 4. l 
29.9 
• 
'* These Are An Average q,f :Tw·,o Analyses. The Two Analyses Never 
Varied By More Than 11 F·rom the Averaqe Analysis. 
-~·.' 
a ilrs I 
11 • 5 
16.4 
18.5 
15.5 
16.6 
18. l 
19.4 
18_ •. 4 
18.8 
.. 
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TAB LE I I I 
LENGTH OF SINTERED ZONES IN MODELS MADE OF WIRES IMMERSED 
FOR 30 MINUTES IN ELECTROLESS NI BATH AND SINTERED AT 
VARIOUS TEMPERATURES FOR l MINUTE AND. 22 HOURS 
Sintering Time - l Minute 
Length (In • ) of Three Sintering % of Sintered Sintered Zones • , n a Temperature Zone Which Wire Model Average ( o F) • Eutectic l 2 3 Len.gth l s 
16 50 
- 0 0 0 0 1700 
- .0262 .0262 • 027 4 .0266 2000 ~- .0297 .0309 • 0262 .0289 
Sintering Time - 22 Hour~ 
l 650 l o.o .0108 • 011 2 • Q::,-3·9 ,.·Ol 20 
1 700 20. 0 .0212 • 0 2 20: ., o-_:22·-B •.. 0220 
1 800 0 .•. O.l78 • -01-B::5 . 019.:.3 .. . " . . .. 0185 
:_I 
'TA.B LE Iv· 
EFFECT OF SINTERING TIME, TEMPERATURE, AND COMPACTING PRESSURE ON 
PROPERTIES OF H-Fe POWDER 
{All sintering done in purified hydrogen} 
Percent Sintering Compactinq rireen Sintered Increase Bending Temperature Sintering Pressure Density Density • Stre~}th ,n ( o F) Time (ts; ) (qms/cc) (gms/cc) Density (,p S 1 
2000 l Minute 40 6.38 6.38 o.o 50,660 2000 1 Hour 40 6. 19 6.36 2,7 49,600 2000 3 Hours 40 6.26 6.29 0.5 51,920 
1700 , Hour 40 ·6 . 21 6.40 3. l 48-,220 .• ...1850 l Hour 40 6: 34 6.34 o.o 49,600 . . . 2000 l Hour 40 '6 .. T9 6.36 2.7 49,600 .  . . 2150 l Hour 40 ·6:. 25 6.53 4.5 55,490 
2000 1 Hour 20, '·5·: •. 4~ 5. 4·9 l . l 27,600 2000 '·i Hour ·4·0: '.6 .19 6 .• 3·.6: 2.,. 7 49,600 2000 1 Hour ·6<0: :6. 6,5: 6 ~.s·4 2 9: 74,370 ... <:. . . . 
· ... 
·"' 
Deflection ( 1 n che,s) 
0.15 
0. 13 
0. 16 
0. 11 
0. 13 
0. l 3 
0.17 
0.06 
0 •. 13 
0.24 
- - - ~ . . 
/ 
TABLE V 
EFFECT OF SINTERING TI~1E, TEMPERATURE, ANO COMPACTING PRE.$:StJRE O:N.' PROPERTIES OF Ni-P COATED H-Fe POWDER 
(All sintering done in purified hydrogen) 
Percent Sintering Compacting Green Sintered Increase Bending Temperature Sinterinq Pressure Density Density • Strength 1 n (OF) Time (ts; ) (9ms/cc) (gms/cc) Density (, e. s. i.) 
2000 l Minute 40 5.74 7.59 32.2 88,950 2000 l Hour 40 5.72 7.55 32.0 88,160 2000 3 Hou rs 40 5.74 7.60 32.4 88,440 2000 22 HOU rs 40 5.68 7.59 33.6 
-
1700 l Hour 40 5:. 70 6. 18 8.4 69,570 1850 l Hour 40 5.74 7.46 30.0 97,290 2000 l Hour 40 5.72 7.5~ 32.0 88,160 2150 l Hour 40 5.65 7.60 34.5 81,550 
·2000 l 'H:o,u·r 20 4.83 7.45 54.2 96,589 
.2000 ·1 Ho.ur· 
.. ; .. 40 5.72 7.55 32 2 
' .. ' 88,160 
·200··0: l ·.H::o·ur· 60 6 • l l 7.47 :22:·.3 87,360 
Deflection 
(. i n c h, e .. s ) 
Nil 
Nil 
Nil 
-
Nil 
Nil 
Nil 
Nil 
Nfl 
Nil 
Nil 
Average 
p 
After 
Sintering 
3.0 
3.3 
2.7 
2.9 
2.9 
2.8 
3.3 
3.0 
2.9 
3.3 
3.3 
w 
01 
--~,.---,· .,.-~--····-:_···-· 
'l) 
, 
., 
X 
' ' •' ,.
; 
j 
j 
1f,; 
.} 
' 
.l 
!. 
~! 
,i 
' 
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TABLE VI 
ELECTRON MICROPROBE ANALYSIS OF SOLID snLUTION AND EUTECTIC 
PHASES OF SINTERED NI-P COATED H-Fe POWDER COMPACTS 
Sintering Electron Microprobe Analysis 
Temperature Solid Solution Phase Eutectic Phase 
( o F) %Ni %P %Ni %P 
17 00 26.l 0.84 2 4. 1 1 5. 7 
1850 25.8 0,74 26.0 1308 
2150 26.2 0.42 2 7. 1 18. 2 
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Figure la 
Pertinent Section of Ni-P Phase Diagram 
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Fiqure 2a 
Sketch of Wire Model Used in Sinterinq Exp~riments 
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Figure 3 
Effect of Immersion Time in Electroless Ni Bath 
on Deposited Coating Thickness 
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Figure 4 
Steel Wire Coated with Ni-P by Immersion 
in an Electroless Nickel Bath 
X500 Nital Etch 
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Fiqure 6 
Effect of Sintering Time at l700°F on the Sintered 
Zone Length 
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Electroless Ni Coated Steel Wires Sintered at 
1700°F for Various Times 
. ' . 
, "w ,, .. 
. .. 
• 
\ 
a. l Second 
XlOO Nital Etch 
.,__ 
. . .... 
( \ .-
- . 
-
·-.. - ... 
"' 
' I 
b. 5 Minutes "· 
- -
t> _, -b ~ : -- ,_ 
- .. ,- - -~ 
'- . 
--· 'r -. 
r ., I C' • -, -
. . 
~ .. XlOO Nital Etch 
c. 1 Hour· 
XlOO Nital Etch 
Figure 8 
Electroless Ni Coated Steel Wires Sintered at 
• 1700°F for Various Times 
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Figure 12 
Electroless Ni Coated Steel Wires Sintered 
at 1880°F for 22 Hours 
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Figure 13 
Nickel and Phosphorus X-Ray Images from Electron 
Microprobe for Coated Wires Sintered at l800°F for 22 Hours 
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Figure 14 
Nickel · and Phosphorus X-Ray Ima~es from Electron 
Microprobe for Coated Wires Sintered at 1700°F for 5 Minutes 
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Effect of Sintering T~mperature on 
Sintered Zone Lenqth 
Sintering Time-22 Hours 
0 
1600 
All samples immersed for 
30 minutes in ~lectroless 
Ni bath.· 
1700 1800 
S:interinq Temperature-°F 
52 
1900 . 
·-:,' 
. 'ic 
;j,· 
. i\ 
j,:;: 
~*; 
·) 
' ~?1 
{ 
.J 
~:; 
,i_~ 
~? 
;; 
•: 
~; 
' t, 
l 
;i~ 
?i 
\ 
J; 
l 
·?~ 
-~ 
.u 
' ,I 
-~ 
.'i 
~ 
ti 
, 
J 
1 
j . . 
r 
..:..... .. -
.. ,.... 
.. +) 
:.u. 
··a; 
·.µ 
::,. 
UJ 
.·......._ 
.. ~· 
:CO· 
0.. 
.::): 
(lf 
Fi q u re 17 
Effect of Sinterinq Temperature on Percent 
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H-Iron Powder Particles Which Have Been 
Electroless Ni Coated 
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Effect of Compactinq Pressure on Green Density 
:H-Iron Powder 
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Figure 20 
H-·I·-r·on Powder Compresse·d at 40 tsi and 
---~·'' Sintered at 20_00°F for 1 Hour 
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.r .Q 
Electroless Ni Coated H-1 ron Po\-1der Compacted 
at 40 tsi and Sintered at 2000°F for Various Times 
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Effect of Sintering Temperature on Density - Sintering Time-1 Hour 
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Figure 24 
Electroless Ni Coated H-lron :p::_owd·:.e·-r Compacted at 
.4.0 ts i and Sintered for l Hour at 2·000°F and 2·1s-.o~·,E 
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Figure 25 
Relationship of Sintered Density of H-Iron 
J 
Powder to Bending Strenqth and Deflection 
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Figure 26 
Illustration of Ductility of Compacts of Electroless 
Ni Coated H-Iron and Uncoated H-Iron Powders 
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Effect of Sintering Temperature on the Bending Strength 
of Electroless Ni Coated H-Iron Powder 
Compacting Pressure 40 tsi - Sintering Time l Hour 
l. 9:00 
Sintering Temperature - °F 
·. ,- ·•.. .. ·.··.·. . .... . . : .. • '· . . .. 
2·'l.OQ 
-~ 
.. 
. ;f'.'<·.:-::--~,-~· • - - --··- .-_- - • --
II, - - ... 
. ! ./ 
• _.,,-.\'~.:~'-'-.,~ .. •· .. 
·-1. 
... 
APPENDIX I. 
Ca 1 cul a ti'on of Den~~ i ty: 
Form u 1 a , 
D = A 
B-C 
A= ·weight of part in air (grams) 
B = weight of part in air after coatin~ with 
transparent lacquer (grams) 
C = weight of part in water after coattnq 
with transparent lacquer (grams) 
·n = density (grams/cc) 
64 
Sample calculation for Ni-P coated H-Fe powder com~ 
pacted at 40 tsi and sintered at 2000°F for l hour in puriff$d 
hydrogen. 
A. = 
B = 
C = 
4.0176 
4 • 6 2 4 O } .. _. :i. n C: 1 u. d e we i g h t of w i re us e d 
4 • O 9 2 O t .. o s u s p e n d p a r t i n w a t e r 
.D· = 4. 0 l 7 6 
D ·= 
4.6240-4.0920 
4.0176 
0.5320 
fl~ ·1.ss grams/ce 
.. 
\' ' 
~; .. 
I 
-APPENDIX ll 
Calculation of Bending Strength 
Formula, 
S- -
p -
. ' 
·t = 
·t: -
:w 
-
s = 
bending 
load to 
3PL 
2t2w 
p 
strength 
fracture 
distance between 
thickness of part 
(lbs./in. 2) 
(lbs.) 
supports ( 0 .• -75:·0· 
{ ; n • ) 
width of part (; n • ) 
65 
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I il,· . 
Sample calculation for Ni-P coated H-Fe powd.er compacted 
:at :40 t:$1 and sintered at 2000°F for l hour in pu·ri:ft-,ed hydroqen. 
-4 
P = 163 lbs. 
·L = o • 7 5 o ; n • 
·t = 0 • l l O 6 in. 
. -W 0.1792 in. 
S = 3 X 163 X 0.750 
-~~~.;..;..~.....,;;;..;:...;..,;..;;..._r--
2 x (0.1090)2xo.1792 
s - 366.75 
4o l6x10-3 
s - 88160 lbs./i.n. 2 -
-
r 
,. 
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